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Second-order nonlinear optical response allows to detect different properties of the system associated with
the inversion symmetry breaking. Here, we use a second harmonic generation effect to investigate the align-
ment of a graphene/hexagonal Boron Nitride heterostructure. To achieve that, we activate a commensurate-
incommensurate phase transition by a thermal annealing of the sample. We find that this structural change in the
system can be directly observed through a strong modification of a nonlinear optical signal. This result reveals
the potential of a second harmonic generation technique for probing structural properties of layered systems.
Two-dimensional (2D) materials attract a lot of attention
due to their remarkable characteristics. These systems have a
rich variety of structural modifications and chemical composi-
tions, which results in a high tunability of their physical prop-
erties. Moreover, collective many-body effects that are essen-
tially strong in two dimensions give rise to nontrivial phases
of matter, which appear promising for various electronic and
opto-electronic applications. For example, transition metal
dichalcogenides (TMDs) reveal competing charge [1, 2] and
spin-ordered [3, 4], as well as Mott insulating [5, 6] states in
the mono- and multilayered phases. Also, 2D systems show
a superconducting behaviour [7] that was theoretically pre-
dicted for black phosphorus [8, 9] and antimony [10], and ex-
perimentally observed in black phosphorus [11] and various
TMDs [12–15].
In a multilayered phase, characteristics of quasi-2D systems
depend not only on internal properties of individual layers.
Here, the number of layers and, what is even more important,
the form of their stacking also plays a significant role. A fa-
mous example is a twisted bilayer graphene that at a magic
misorientation angle of 1.1◦ between two graphene lattices
drastically changes electronic properties and becomes super-
conducting. This remarkable effect has been first theoretically
predicted [16, 17] and recently confirmed experimentally [18–
20]. Also, a strong correlation between the interlayer stacking
and optical properties has been reported for MoS2 [21, 22] and
hexagonal Boron Nitride (hBN) [23, 24].
Recently, it became possible to experimentally produce hy-
brid systems combining different two-dimensional materials
in a layered heterostructure [25]. This gives even more free-
dom in designing materials with special characteristics in a
controlled way. For heterostructures, the effect of different
stacking is much less explored than in the case of multilayered
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FIG. 1. Sketch of the experiment. Green and red hexagonal tiles rep-
resent hBN and graphene, respectively. Red arrows depict the inci-
dent 800 nm light. Blue arrows indicate the collected SHG response
at 400 nm from different parts of the sample. In the incommensurate
phase (a), the signal of the SHG is uniform for the entire sample.
The strong modification of the SHG response is expected after the
structural phase transition (b) from the aligned graphene area.
homostructures. However, this issue should also be of a cru-
cial importance as it involves different types of materials. For
instance, a change of a misorientation angle between graphene
and hBN lattices results in a commensurate-incommensurate
phase transition, which strongly affects a crystal symmetry
and electronic properties of the system [26]. Therefore, it is
very important to have a simple yet sensitive tool that provides
the information about the structural properties of a material,
because even a small mismatch of different layers dramati-
cally changes characteristics of the system.
Conventional experimental techniques that allow to probe
various electronic and symmetry properties of nanostruc-
tures are Raman spectroscopy [26] and transport measure-
ments [27]. Raman technique is by no means a powerful
method that, however, requires an accurate interpretation of
results, which might not be straightforward even for a sim-
ple case of graphene [28, 29]. Also, Raman signals are in-
tegrated over rather thick layer of material (>500 nm) which
may result in additional difficulties during data analysis, as
relevant signals might originate from buried layers or inter-
faces [28]. Transport experiments are much more difficult
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FIG. 2. Optical image of the graphene/hBN sample. We use a green
filter to enhance contrast. Monolayer graphene regions are shaded
red. Gray square area corresponds to a multilayer graphene. The
substrate hBN crystal is outlined in light green. Orange lines indicate
cross sections shown in Fig. 4. Scale bar is 20 um.
to perform as they require additional sample preparationtion
steps and corresponding facilities. In this regard, an optical
second harmonic generation (SHG) is a very promising tool
for investigation of different structural properties of 2D mate-
rials, being sensitive to the inversion symmetry breaking in the
system and, therefore, crucially depends on the number of lay-
ers, stacking, alignment and etc. Thus, the SHG has already
been used for description of non-centrosymmetric 2D sys-
tems, such as MoS2 [21, 22, 30–33] and WS2 [34–36]. Also,
the optical SHG response has been observed from graphene,
where the inversion symmetry was broken by a presence of an
electric field [37, 38].
Experimental SHG studies of quasi-2D homostructures are
almost entirely dedicated to mono-, or few-layered systems.
An exception is a very recent study where a nonzero SHG
response from rather thick hBN (ca. hundred layers) flake
has been reported [39]. SHG from layered heterostructures
is much less studied, both theoretically [40, 41] and experi-
mentally [42–44], and is mostly focused on graphene/graphite
films, where the inversion symmetry is broken by the interface
with a substrate.
An effect of the stacking on the nonlinear optical response
in layered heterostructures has not been investigated experi-
mentally so far. Here, we address this important question for
the cases of mono- and multilayer graphene disposed on an in-
sulating hBN substrate. We show that the change of the SHG
response clearly indicates the commensurate-incommensurate
phase transition for both considered heterostructures. The
change of the alignment in the case of the monolayer graphene
has been additionally confirmed by Raman measurements. At
the same time, Raman spectroscopy was not able to charac-
terize the structural change in the multilayer graphene/hBN
heterostructure. This result suggest that the SHG can be used
as a simple and efficient method for probing structural prop-
erties and alignment of layered heterostructures.
We investigate a nonlinear optical response from graphene
flakes placed on top of a hexagonal Boron Nitride (hBN) sub-
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FIG. 3. TPL (a, c) and SHG (b, d) signals from incommensurate (a,
b) and commensurate (c, d) stacking of graphene/hBN heterostruc-
ture. Scans were performed on the same sample before and after the
structural phase transition. Color bar depicts the intensity of the non-
linear response in arbitrary units. A lighter color indicates a larger
value of a signal. Green line outlines the hBN sample area.
strate. In general, a small mismatch between lattice con-
stants of these two materials leads to hexagonal moire´ pat-
terns formed in the system [45, 46]. If a misorientation angle
between graphene and hBN lattices is less than 1◦, a commen-
surate stacking is energetically more preferable [26]. In this
case, electronic properties of the system can be effectively de-
scribed by Dirac electrons with a nonzero mass [47–49]. The
latter appears as a result of an inversion symmetry breaking
in a graphene/hBN heterostructure. Importantly, the value of
the mass varies in space with a period of moire´ pattern, but
the average value of the mass stays nonzero [48–50]. Apart
from the theoretical prediction, the nonzero average mass in
the commensurate phase was also observed in transport ex-
periments [27]. At larger values of the misorientation angle
the system undergoes a structural phase transition towards an
incommensurate phase [26]. In this phase, the inversion sym-
metry is still broken locally, but the average value of the mass
becomes zero [50]. Since a typical focused laser spot is much
larger than an interatomic distance, only the average value of
the effective mass can be probed in optical experiments. The
SHG is known to be very sensitive to the lack of inversion
symmetry in the point group of the medium. Therefore, such
a nonlinear optical technique a very promising tool for detec-
tion of the alignment of such layered heterostructures.
Schematic representation of the experiment is shown in
Fig. 1. The optical image of the considered sample obtained
from optical microscope through a ×100 objective is shown in
Fig. 2. Here, red areas highlight single-layer graphene flakes
placed on top of the hBN substrate depicted by a light green
color. The incommensurate phase for both flakes is confirmed
by Raman spectroscopy through the broadening of the 2D-
3peak in the Raman spectrum [51]. A central gray square area
corresponds to a multilayer graphene, which alignment with
respect to the hBN was not possible to define by Raman mea-
surements. Details of the sample preparation and Raman ex-
periments can be found in the Section “Methods”. A com-
bined optical response has been measured from the sample
excited by a 800 nm femtosecond laser. A two-photon lumi-
nescence (TPL) signal that was collected at 390 − 650 nm is
shown in Fig. 3 a. A narrow bandpass filter centered at 400
nm (± 20 nm) was used to detect the SHG signal only (see
Fig. 3 b). Description of the experimental set-up can also be
found in the Section “Methods”.
Since the TPL is an incoherent process, it is not sensitive
to the point group of the medium. Thus, we observe the TPL
response only from graphene areas. Here, the strongest sig-
nal comes from a multilayer graphene as it has more complex
band structure than its single-layer realization. The hBN does
not contribute to the TPL, because the corresponding excita-
tion energy ~ω ∼ 1.9−3.2 eV is lower than the band gap in this
material, which is about 6 eV [52, 53]. Thus, a nonzero TPL
signal only confirms the presence of graphene flakes on the
hBN substrate. As expected, this incoherent optical process is
not sensitive to the alignment of the considered heterostruc-
ture.
On contrary, the SHG is a coherent process, whose effi-
ciency must obey the symmetry principle [54]. Hence SHG
can serve as a probe of symmetries of the point group in the
studied medium. For considered materials, the latter is medi-
ated by the value of the average mass (band gap) [41]. We ob-
serve that the intensity of the SHG response shown in Fig. 3 b
is uniform for the entire sample. This fact suggests that there
is no inversion symmetry breaking associated with the inter-
action of graphene with the hBN substrate. Thus, we find that
single-layer graphene flakes are not aligned with the hBN,
which is consistent with Raman measurements. This result
also confirms that the average mass of graphene, which is ef-
fectively probed by the SHG, is zero in the incommensurate
phase. Importantly, we also do not observe any change of
the SHG signal from the multilayer graphene area. This in-
dicates that the multilayer graphene flake is not aligned with
hBN substrate as well. As a consequence, the SHG response
from the sample is related only to the hBN.
We note that the SHG from a thick hBN is strong. This
can be explained by a simple phenomenological model. The
SHG arises from the nonlinear polarization P(2ω) induced by
an incident laser field E(ω). To the leading orders in E(ω),
this polarization can be written as [55]:
Pi(2ω) = χdi jkE j(ω)Ek(ω) + χ
q
i jklE j(ω)∇kEl(ω),
where the first and second terms describe the electric-dipole
and quadrupole contributions to the SHG, respectively. The
total SHG response from the system can be divided into
the surface and bulk parts. According to Neumann’s prin-
ciple [54], the electron-dipole SHG process is allowed only
for a non-centrosymmetric medium. This results in a strong
second-order optical response from the surface of hBN [41].
On contrary, the bulk of hBN obeys the inversion symmetry
and contributes to the SHG only through the quadrupole polar-
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FIG. 4. Vertical (a) and horizontal (b, c) cross-sections of the SHG
signal depicted in Fig. 2. Blue and green lines correspond to the SHG
response before (Fig. 3 b) and after (Fig. 3 d) the incommensurate-to-
commensurate phase transition, respectively. Light red areas high-
light the reduction of the SHG signal due to a presence of the aligned
graphene. The enhanced response at gray area indicates the commen-
surate multilayer graphene. The value of a signal is given in arbitrary
units.
ization. Although the latter is much smaller than the electric-
dipole one, in birefringent materials the total quadrupole con-
tribution from the bulk can be of the same order of magni-
tude as the surface SHG due to the phase-matching [55, 56].
Moreover, in some cases these two processes can hardly be
separated from each other [55, 57]. However, the strength and
the relative phase of the quadrupole contribution to the SHG
strongly depends on the particular structure of the bulk.
To modify the alignment of the sample, we exploit the find-
ing of the work [58], where thermal annealing was used to
activate the incommensurate-to-commensurate phase transi-
tion. For this aim, we induce a local laser heating of the
graphene/hBN heterostructure via a long irradiation of the
sample. This was done in such a way that the system was un-
der the irradiation for tens of seconds. The estimated energy
of the irradiation is ∼0.06 J/cm2 (the pulse energy is 1.88 nJ,
the spot size area is ∼ 1 µm2). Heated by a laser, the structure
relaxed from the incommensurate state to a more favorable
commensurate one. After that, a Raman spectroscopy mea-
surement was performed to confirm the phase transition. It
has been observed that single-layer graphene flakes became
aligned with the underlying hBN forming moire´ patterns with
4the periodicity of 12.5 and 14.0 nm. The alignment of a mul-
tilayer graphene has not been determined by Raman spec-
troscopy. For more details see the SI [59].
Now, we repeat TPL and SHG measurements. Correspond-
ing results are shown in Fig. 3 c and d, respectively. As ex-
pected, the TPL signal remains unchanged after the phase
transition. This follows from the fact that the electronic band
structure of the system at a characteristic energy of nonlinear
optical excitations does not change under small rotations [50].
On contrary, the SHG response is drastically modified after
graphene becomes aligned with the hBN substrate. Indeed,
now the SHG intensity picture explicitly shows the position
of graphene flakes. According to a theoretical prediction [41],
this is a clear signature of the inversion symmetry breaking
that occurs due to the interaction of the aligned graphene with
the underlying hBN layer. As a consequence, electrons in
the commensurate phase of the graphene/hBN heterostructure
gain a nonzero average mass [27, 47–49], which is precisely
captured by the SHG experiment. Remarkably, we find that
the SHG response from the area of the multilayer graphene
has also been modified indicating the phase transition towards
the commensurate phase.
A precise comparison of the normalized intensity of the
SHG for different alignments is shown in Fig. 4. Results are
obtained for cross-sections along vertical (a) and horizontal
(b and c) directions depicted by orange lines in Fig. 2. Blue
and green lines in Fig. 4 indicate the SHG signal in the in-
commensurate and commensurate phases, respectively. Re-
markably, we observe a completely different change of the
SHG response from single- and multilayer graphene/hBN het-
erostructures after the phase transition. Indeed, the SHG is
suppressed at light red ares that correspond to single-layer
graphene flakes. On contrary, the SHG from the aligned mul-
tilayer graphene depicted by gray color is enhanced.
It is worth noting that the electric-dipole polarization of the
hBN surface has only the imaginary component, because the
considered frequency of the light is below the band gap of
this material [41]. This leads to a phase shift of the corre-
sponding SHG signal with respect to the second-order opti-
cal response from the graphene/hBN interface, for which the
electric-dipole polarization can have both, real and imaginary
components [41]. Therefore, the interference between com-
mensurate graphene and underlying hBN can be either de-
structive or constructive, depending on a particular structure
of the system. This fact makes the SHG very appealing for in-
vestigation of the inversion symmetry breaking in layered het-
erostructures, because already the change of the SHG clearly
indicates a structural phase transition. In this context, the Ra-
man technique is a less direct method, since it requires ad-
ditional data processing steps, such as the calculation of the
broadening of the 2D peak in the spectrum [51].
For additional confirmation of obtained results, we have
performed the TPL and SHG measurements of another
aligned single-layer graphene encapsulated between two hBN
flakes. In this case, we also observe a strong modification of
the SHG signal associated with the presence of the aligned
graphene flake between hBN layers. For more details of this
experiment please see the SI [59].
In conclusion, we have observed that structural changes
in graphene/hBN heterostructures can be explicitly captured
using the optical SHG technique. We realized that the
incommensurate-to-commensurate phase transition in consid-
ered systems can be activated by a local laser heating of the
sample. We have found that the SHG method is able to detect
the alignment not only of the single-, but also of the multi-
layer graphene flake disposed on the hBN surface, contrary to
Raman spectroscopy. In addition to transport measurements,
our nonlinear optical study confirmed that the average mass
of electrons in graphene is zero in the incommensurate phase,
and is nonzero for the commensurate structure. Our results
suggest that the proposed method for detection of the align-
ment is more direct and, thus, has an advantage over a stan-
dard Raman technique.
METHODS
Samples for these measurements were fabricated by dry-
peel methodology described elsewhere [26, 60]. Control of
the alignment is achieved by positioning long, straight edges
of the crystals (which tend to be one crystallographic axis,
zig-zag or arm-chair) parallel to each other. We use single-
and multilayer graphene flakes placed on top of thick hBN
(∼ 150 nm).
Raman spectroscopy measurements were performed us-
ing a Horiba Raman spectrometer (grating 1200 GPI) oper-
ating with an incident laser at a wavelength of 532 nm and
∼ 0.5 mW power. A confocal microscope was used to focus
on the sample through a ×100 objective. For more details
please see the SI [59].
For nonlinear characterization of the samples WITec al-
pha300 S confocal microscope was used in reflection ge-
ometry. Samples were irradiated by Ti:sapphire oscillator
at 800 nm and ∼ 100 fs pulse width. Typical laser power
was ∼ 220 mW before the microscope where about 70%
of power reached and were focused on a sample with ×20
Zeiss objective. Detected nonlinear response was separated
from fundamental wavelength by use of two types of filters.
SCHOTT BG39 filter (390-650 nm transmission) was used
for experiments when SHG/TPL combined response was de-
tected. Thorlabs FB400-40 filter was used in experiments
where only SHG signal was of interest.
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FIG. 5. Optical picture of the sample (a) and Raman spectroscopy
for single-layer graphene flakes (b and c) after the phase transition.
Labels (1) and (2) on the panel c indicate regions with different moire´
periodicity specified in the text.
RAMAN CHARACTERISATION OF THE SAMPLE
We confirm the presence or absence of a commensu-
rate phase at the interface between the crystals by Raman
spectroscopy. This is because the commensurate phase for
graphene on hBN is characterised by the appearance of a
strain distribution when the crystals near to alignment [26].
The Raman spectrum of graphene is sensitive to slight
changes in uniaxial/biaxial strain. In particular, the 2D-peak
responds to the commensurate phases strain distribution by
broadening [51]. Here, we observe that the full-width half-
maximum of the 2D-peak (FWHM(2D)) before our experi-
ments is 23 cm−1, which is consistent with an unaligned flake
(> 1.5◦ misalignment) [51], or graphene on a rough substrate
(SiO2, polymers etc.) [61]. This indicates that the graphene
and hBN crystals cannot be in the commensurate phase.
After the phase transition, the FWHM(2D) shows sig-
nificant change. The width of the peak has broadened
to ∼ 36 cm−1, which is consistent with the most aligned
case of graphene on hBN (0.3◦ alignment, moire´ period is
L = 13.5 nm). Corresponding results are shown in Fig. 5.
Here, insets b and c depict two single-layer graphene flakes.
The moire´ period obtained for the flake b is L = 12.5 nm
(FWHM(2D) is 33 cm−1). Moire´ periods for areas (1) and (2)
of the flake c are L = 14.0 nm (FWHM(2D) is 40 cm−1) and
L = 12.5 nm (FWHM(2D) is 33 cm−1), respectively. This re-
sult demonstrates unambiguously that the graphene is now in
a commensurate phase with the hBN crystal.
ENCAPSULATED GRAPHENE
For additional confirmation of our findings, we repeat the
nonlinear optical study on another sample. The optical picture
of the sample is shown in Fig. 6. Here, a red area highlights an
aligned monolayer graphene encapsulated between two hBN
20 μm
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hBN
FIG. 6. Optical picture of the encapsulated and aligned graphene
sample. A single-layer graphene flake is shown in red. The substrate
hBN crystal is outlined in light green. Orange line indicates the cross
sections shown in Fig. 7 c. Scale bar is 20 um. The inset is a Raman
spectroscopy result.
layers depicted by a light green color. The alignment of the
graphene is confirmed by Raman spectroscopy. The moire´
period is found to be L = 13.5 nm (FWHM(2D) is 37 cm−1).
The TPL and SHG intensity pictures are shown in Fig. 7 a
and b, respectively. Here, both, the TPL and SHG responses
clearly shows the presence of a graphene flake. The change of
the SHG signal from graphene with respect to the hBN envi-
ronment confirms that the monolayer graphene flake is in the
commensurate phase. The strong suppression of the SHG can
be explicitly seen in Fig. 7 c that shows the cross-section of
the SHG signal depicted by the orange line in Fig. 6. Here,
the light red area corresponds to the position of the aligned
single-layer graphene flake.
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FIG. 7. TPL (a) and SHG (b) signals from the aligned and encapsu-
lated graphene/hBN heterostructure. Color bar depicts the intensity
of the nonlinear response. A lighter color indicates a larger value of
a signal. Panel (c) shows a cross-sections of the SHG signal depicted
in Fig. 6. Light red area highlights the reduction of the SHG signal
due to a presence of the aligned graphene. The value of a signal is
given in arbitrary units.
